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QGP Chemistry Basics

52 ~massless degrees of freedom
Strongly interacting

Conserved: up-ness, down-ness, strangeness, color
Not conserved: quark number

Lattice measures charge fluctuations:

Parton gas:
%ab = <QaQb>/V %c?bGP = (na +n5)6ab

a,b = uds

Hadron gas:

HAD __
lab i Znaqa,aqa,b
(04
o=1rt, 1, Mo, K*...




Lattice Charge Fluctuations
scaled by entropy

Courtesy of Claudia Ratti

Parton gas:

ZSZ)GP = (na + na_)5ab
e e Hadron gas:

HAD

Xab = Z naqa,aqa,b
[04
o=1r*, 1, Mo, K*...

off-diagonal elements
(V.Koch, PRL 2005)




Two waves of quark
production

own quarks

uarks

T (fm/c)



Problems with
Comparing Experiment to Lattice

|.Lattice = Grand Canonical (Particle Bath)
Experiment = Canonical (net charge = 0)

2. Charge created at hadronization
3. One measures hadrons -- not uds

4. One measures momenta, not positions




Consider charge correlations
g.6(AN) is a 3x3 matrix

8..(AM) =40, (MO, (n+An))
= ([n, ()= n, (][, + Am) =z (+ M) ])

charge conservation
—

Jaan g, (am=0



|. Before hadronization

Jaan g, am=0
gud — gus — gds — O

only extra parameter

8., (AN =[5 {5 (An)—
J

From lattice!



2. Just after hadronization

8., (AM = x4 8(AN)

_( (lb'fAD) _ (gGP)) exp(—Ayf /2G<2HAD))
a “ (276 )"
eXP(_An2 /262GP )
uldr) gt
(270 (6p))

g.b(AN) can't change suddenly
except at An=0



2nd Bump: Positive or Negative!?
Crude Expectations

8. (A = x4 8(AN)

_( ~(HAD) _, (OGP)
ab ab

exp(—An° /26 .0,)
(270 un))

__ A~/ (QGP) eXP(—Anz /26(2QGP))
ab (27TG(ZQGP))1/2

guu(AN)

(HAD)

Sign depends on X o

_Zab



Positive or negative (electric charge)

4 | |
(HAD) __ (QGP) _
Zelectric i ncharged ’ Zelectric i gnu T gnd T gns

Narrower bump is same sign, but much taller than wider bump
TT"11" BF dominated by narrow peak



Before and after (STRANGENESS)

(HAD) __ (QGP) __
Zstrange = Nk T 1y + 4”5 T 9n§2 ’ Zstrange = Ny

Smaller bump is very small
K*K- BF dominated by broad peak



Before and after (BARYON No.)

(HAD) __ (QGP) _
Zbaryon i np +nn +nA +nE +nQ’ Zbaryon _ g(nu +nd +ns)

Smaller Bump is smaller with opposite sign
p-pbar BF dominated by broad peak, but has dip



STAR results verify this qualitatively

~ STAR Plleli.milna'ry' |

| “corrected” for acceptance/efficiency T
KK
PP

Noisy in tails |

R
1.5




Back to being more exact

Take into account:
* hadrons have multiple charges,
* hyperon decays

* X has off-diagonal elements...



2. Just after hadronization
(uds basis)

_An2/2G(QGP) _Anz/za(zHAD)

(HAD) (QGP)) €

—g (Am)= 49" S + (U —x
\/ ﬂG(QGP) \/27TO'(HAD)

(HAD) _
%ab = 2 nocq(x,aqa,b

o.chadrons

(QGP) _
%ab = 2na§ab



3. But, we measure Gy not g,!!!
o,B=1,p,K...2,b=u,d,s

G,s(AN) =([n, —nyllng —nzl)

e.g., GPK_ =([n, - n;lln,.—n. )

Generalized Balance Function
(aside from factor of <ng>)




Analogous problem...

Given 0p.and ng, find dngy

Solution: assign chemical potential

Sn, = <na>(euaqa,a/T _ 1)
510 anaQa a ~ Z QaaQab Z%(had) ‘ub

— 2 (X B )ab 5pb

5”0{ — <na>zqaa(%_l)ab5pb
b




3. Apply to our problem




3. Putting this together

—Anz/zc;fQGp) e—An2/20'(2HAD)
-G (Am)=w® = rwim

QGP) —1(HAD) ,,(QOGP) ,,—1(HAD)
- _22 QOC a%ab %bc %cd <n[5>Q[3,d

abcd

=23 1) gl (1, =S

prefactors depend only on
yields and Xab from lattice




3. Prefactors...

I R AN U (N~ N~ - - AN S IS N S
p|0.441,-0.066 | 0.485,-0.162 | 0.491,-0.146 | 0.479,-0.178 | 0.535,-0.242 | 0.529,-0.258 | 0.578,-0.338 | 0.006, 0.016 |-0.044, 0.096
A[0.183,-0.061 | 0.242,-0.094 | 0.242,-0.094 | 0.242,-0.094 | 0.302,-0.128 | 0.302,-0.128 | 0.361,-0.161 | 0.000,-0.000 [-0.059, 0.033
—10.074,-0.022 | 0.097,-0.038 | 0.099,-0.033 | 0.095,-0.043 | 0.122,-0.049 | 0.120,-0.054 | 0.144,-0.064 | 0.002, 0.005 |-0.023, 0.016

0.072,-0.027 | 0.097,-0.038 | 0.095,-0.043 | 0.099,-0.033 | 0.120,-0.054 | 0.122,-0.049 | 0.144,-0.064 |-0.002,-0.005|-0.025, 0.011

0.046,-0.021 | 0.069,-0.029 | 0.070,-0.028 | 0.069,-0.031 | 0.093,-0.036 | 0.092,-0.038 | 0.115,-0.045 | 0.001, 0.001 |-0.023, 0.008
0.046,-0.022 | 0.069,-0.029 | 0.069,-0.031 | 0.070,-0.028 | 0.092,-0.038 | 0.093,-0.036 | 0.115,-0.045 |-0.001,-0.001 {-0.023, 0.007
0.009,-0.005 | 0.015,-0.007 | 0.015,-0.007 | 0.015,-0.007 | 0.021,-0.008 | 0.021,-0.008 | 0.027,-0.009 {-0.000,-0.000{-0.006, 0.001
0.119, 0.318 | 0.000,-0.000 | 0.239, 0.636 |-0.239,-0.636| 0.119, 0.318 |-0.119,-0.318|-0.000,-0.000| 0.239, 0.636 | 0.119, 0.318
-0.175, 0.384|-0.627, 0.352|-0.603, 0.417{-0.651, 0.288]-1.055, 0.385[-1.079, 0.321|-1.507, 0.354| 0.024, 0.064 | 0.452, 0.031

(QGP,HAD)

prefactors completely determined by Xqcp and final-state
hadronic yields
(hadron yields from thermal model with B-reduction)




4. Use blast-wave to go from
coordinate space N to momentum-space rapidity
(Monte Carlo + decays)

Use STAR parameters fit to spectra (T and u,)

|. (quarks in QGP / hadrons in FS)

4 Parameters: 2. s/(ud) in QGP
3. Oggp

4. Ohad




from STAR
(balance

functions)
thesis of Hui Wang (2012)

Single source
won't work
KK broader than
1T
pp broader than

both
-- and has dip !

STAR preliminary




4 Parameter MCMC

0.3 < Uqu< 1.5

0< O'hadlaqu <1
0.75< quark/hadron <2
0< s/(ud) <1



Charge Balance Functions (STAR)
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MCMC
Results

Rel. Probability

* Oqep =~ 0.9

* Ohad = 0.25

e ud/hadron and s/uc
ratios consistent
with equilibrated
QGP

Aungeqoud "jey




Conclusions

® STAR results validate 2-wave picture

® uds densities of QGP appear close to lattice
values



To-Do List: (Experiment)

* Other charge combinations, e.g. pK
® 0y VS Op
* B(Qout,Qside;Qiong) binned by k: , reaction plane

° pp, PA collisions



To-Do List: (Theory)

 Continuous creation/annihilation

| ! ’ d a /s
g, (x.x,) = [ d*x'D,(x',x) D, (x'.x,) (92;, )

(x")

/\'.'r:f/S fort = 0.6
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* hon-zero baryon density
* pp/e*e” collisions need theory
 How do quarks arise from gluons/string/fluxtubes?



